The freeze-fracturing of the lipid-containing bacteriophage 46 shows the virus membrane to have structural asymmetry with smooth convex and rough concave fracture faces. The host, Pseudomonas phaseolicola, shows the four typical fracture faces of the Gram-negative cell envelope. During the infection of P. phaseolicola by ~b6 the virus membrane and the bacterial outer membrane fuse to form a bulge. The nucleocapsid obviously also penetrates the cytoplasmic membrane and is seen inside the cell shortly after infection. The outer membrane of the host undulates and after infection small membrane vesicles are formed apparently from the outer leaflet of the outer membrane.
INTRODUCTION
The lipid-containing bacteriophage ~b6 is the only known phage which contains doublestranded RNA (Semancik et al. I973) and is covered by a membrane (Vidaver et al. I973) . The bilayer structure of the phage membrane and the arrangement of the nucleic acid in the ~b6 particle is described by Gonzalez et al. (I977) . The phage has great affinity for the pili of the host Pseudomonas phaseolicola HB Io Y (Vidaver et al. I973; Bamford et al. I976) . The fusion of the virus membrane with the bacterial outer membrane, as well as the passage of the nucleocapsid into the periplasmic space has also been described (Bamford et al. I976) . During the life cycle nucleocapsids appear centrally in the cell, and after phage membrane formation, the cell bursts releasing mature phages (Bamford et al. 1976) .
The infectious cycle has been investigated by the freeze-fracturing technique which is expected to give fundamentally different information about the phage and bacterial membrane structure, membrane fusion, nucleocapsid penetration and maturation of the phage to that previously reported. In addition, because of the fusion of the bacterial and virus membranes, it is also important to study the ultrastructure and the identity of these membranes.
METHODS
Growth and purification of the phage. The ~b6 bacteriophage and its host Pseudomonas phaseolicola HB Io Y were originally provided by Dr A. Vidaver (Vidaver et al. I973) . The phage was grown and concentrated as described previously (Bamford et al. I976) . The concentrated phage was purified by centrifugation in a Io to 4o% (w/w) linear sucrose I62 D. H. BAMFORD AND K. LOUNATMAA gradient in buffer A (Vidaver et aL I973) using a Spinco SW 50. I rotor at 27000 rev/min for 65 min at 5 °C. The infectious band was collected from the tubes and diluted 1:2 with buffer A. This material was centrifuged in an SW 50. I rotor at 35o0o rev/min for 40 min (5 °C). The pellet containing the phage was resuspended in buffer A to obtain a protein concentration of 1"5 mg/ml (Lowry et al. 1951) . This material had a titre of about lO 13 p.f.u./ml and it was used as the phage in this study.
Infection of the host P. phaseolicola and preparation of samples for electron microscopy. Fifty ml of NBY medium (Vidaver, 1967) was inoculated with P. phaseolicola and incubated with aeration until the extinction of 0"35 at 540 nm was reached. A sample (o'7 ml-about I mg of protein) of prepared phage was added, so that the phage:bacterium ratio was about I5O: I. For freeze-fracturing, the samples were collected by centrifugation 2, 4, 45 and 85 min post infection (p.i.), frozen in the presence of 3o% (v/v) glycerol and fractured at -12o °C (Lounatmaa & Nanninga, 1976) in a Balzers apparatus (Liechtenstein). Samples of uninfected cells and purified phage were used as controls (the phage sample was taken from a slightly resuspended phage pellet with no glycerol added). For thin sectioning, the rest of the sedimented samples were fixed with 3% (v/v) glutaraldehyde in o.I M-sodium phosphate buffer (pH 7.2) for I h and postfixed for 2 h with 1% (w/v) osmium tetroxide in the same buffer. The samples were embedded in Epon 812 and cut with a diamond knife in an LKB Ultramicrotome I. The sections were stained with uranyl acetate and lead citrate. Purified phage was also stained on the grid with 0"5% (w/v) uranyl oxalate (pH 6.I). The micrographs were taken with a JEM-IooB electron microscope, at 8o kV.
RESULTS
Freeze-fracture analysis of P. phaseolicola and phage 06 and uranyl oxalate staining of the phage Four typical fracture faces of Gram-negative bacteria (Van Gool & Nanninga, I97I; Gilleland et al. 1973) can be seen in Fig. I (a) . The particles of the convex fracture face of the cytoplasmic membrane (C'M) were typically distributed and they formed a net-like pattern. The corresponding concave fracture face (CM) was smooth with a few particles. There were relatively few particles varying in size in the convex fracture face of the outer membrane (OM). The corresponding concave fracture face (O'-M) was covered instead with particles of about IO nm in diam. These particles are larger in size and smaller in number than those of Pseudomonas aeruginosa (GilMand et al. I973) . In certain cells the outer membrane undulates; this can be seen in both fracture faces corresponding to the inner and outer leaflet of the outer membrane ( Fig. I b, e). The same effect can be seen in some micrographs taken by Gilleland et al. (1973) .
The fracturing of~the lipid-containinng phage also took place through the membrane so that both convex (M) and concave (M) fracture faces were found (Fig. Id) . The convex fracture face (M') was smooth and the narrow edge round this face (arrowhead in Fig. Id ) was due to short etching of this preparation, which was not treated with glycerol. The corresponding concave fracture face (M) was closely packed with particles of about Io nm in diam.
The maximum diam. of the fractured phage was about 8o nm. When the phage was stained with uranyl oxalate, the diam. of an intact phage head was about the same as that of fractured phage (Fig. 2) . Phosphotungstic acid (PTA) staining and thin-sectioning, however, showed the phage to be about IO nm smaller in diam. (Bamford et al. I976) . Uranyl oxalate staining revealed interesting details in phage structure. With this technique the phage tail appeared as a round bulge on the phage head and had a diam. of I2 to 13 nm (arrowhead A in Fig. 2) . Also, particles which had lost their tails appeared in purified preparations (arrowhead B in Fig. 2 ). When the tail was absent the stain penetrated the phage head and the membrane, as well as the nucleocapsid of the phage, became visible. Arrowhead C in Fig. 2 shows the nucleocapsid of the phage with a diam. of about 65 nm.
Adsorption and penetration of phage 46 to the bacterial cell
All the micrographs in Fig. 3 were taken at 2 min p.i. The arrangement of the phages indicates them to be adsorbed on to the bacterial pili (Fig. 3 a) as reported by Vidaver et al. 0973) and Bamford et al. 0976) . We observed that the number of pili covered by phages in early infection varied from o to 3 per cellwhen seen in negatively stained preparations (not shown here). Both fracture faces of the outer bacterial membrane and virus membrane are seen. Few particles were found in the convex fracture face of the virus membrane at larger magnification (Fig. 3 b) . The very beginning of the fusion of virus and bacterial membranes is shown by the arrowhead in Fig. 3 (c) . The shallow' dimple' in the convex fracture face of the outer membrane (O"-M) was most probably caused by a penetrating virus (Fig. 3 d) . This phenomenon frequently appeared at this stage of infection and was never seen in uninfected cells. Other steps of the phage infection can be seen in Fig. 4 at 4 rain p.i. Th_ee large hole, about I3o nm in diam., in the convex fracture face of the outer membrane (OM) indicates the place where a penetrating phage has apparently been fractured away (Fig. 4a) , while part of the phage membrane is left in the inner leaflet of the outer membrane, see Fig. 4 (arrowhead A). Finally, the nucleocapsid can be seen in the cytoplasm of the host (arrowhead B in Fig. 4b ). With this technique the intracellular nucleocapsid had a diam. of about 8o nm (also in Fig. 5 c) , the same diam. as that measured for the intact free phage.
At 4 min p.i. (Fig. 5 ) the phage nucleocapsids were also seen to have penetrated the outer membrane and bulging areas appeared in the concave fracture face (OM) (arrowheads in Fig. 5 a) . These apparently corresponded to the bulge seen in the thin section (Fig. 5 b) , where the arrowhead indicated the nucleocapsid in the cell. Phage nucleocapsids were seen inside bulges in the cytoplasm of the bacterium (arrowhead in Fig. 5 c, d ). Sinclair & Mindich (I976) have also presumed that certain nucleocapsid proteins enter into the celt. Small membrane vesicles were apparently formed by the outer leaflet of the outer membrane (Fig. 5c, e,f, g ). These vesicles were seen only at 4 min p.i. or later. In freezefractured cells these vesicles are roundish and have a diam. of about 4 °n m ; however, in thin sections they appeared as longish narrow structures (Fig. 5g) .
Freeze-fracturing of (~6-infected P. phaseolicola 
Maturation of phage 06
The cell contents (CC) of cells frozen at 45 min p.i. showed organization with smooth patches (Fig. 6a) , whereas in uninfected cells (Fig. I a) and in earlier stages of infection (Fig. 4b, 5c, f ) t h e cell contents were unorganized. At this time of infection (45 min p.i.) nucleocapsids were seen inside the cells in sectioned material (Bamford et al. I976) and numerous mature phage particles were seen in the frozen cell contents at 85 min p.i. (Fig. 6 b) . The concave faces of phages were difficult to distinguish from the cytoplasmic material. Some convex fracture faces of phages are pointed out by arrowheads in Fig. 6 (b) . At 85 min p.i. both fracture faces were seen with about equal frequency.
DISCUSSION
The fracture faces of Pseudomonas phaseolicola HB to Y resemble those of Pseudomonas aeruginosa (Gilleland et aL I973) . Differences are found in the amount and size of the particles in the concave fracture face of the outer membrane (OM). The undulations of the outer membrane of some cells were also described. The fracturing of the virus membrane takes place between the membrane leaflets revealing both convex and concave fracture faces and the different fracture faces of the virus are asymmetrical, resembling the structure of the outer membrane of the host P. phaseolicola. This asymmetry probably also indicates an unequal distribution of proteins in the membrane leaflets.
The freeze-fracturing technique and uranyt oxalate staining give new information on the infection process of phage ~6. It has been demonstrated in the PTA stained preparations Freeze-fracturing of¢6-infected P. phaseolicola I69 that the phage attaches to the pili of the host (Vidaver et al. I973 ; Bamford et al. I976) . Thus the tail, which has been presumed to have a definitive protein composition (Mindich et al. I976) acts as a primary organelle of attachment. Later, the phages which are attached to the pili make contact with the bacterial cell wall. An infection mechanism with pilus contraction has previously been suggested for some pilus-specific phages (Curtiss, I969; Marvin & Hohn, I969; Bradley, I972 a, b; Jacobson, 1972) and an identical mechanism may also apply to ~h6 infection. The existence of a secondary receptor in the cell wall is likely to be necessary for the progress of the infection but it is not known whether the tail is needed in this step of infection. It is tempting to assume that the membrane fusion starts near the pilus, where the phage loses its tail and the secondary receptor identifies the tailless phage, which is shown in Fig. z . In the next step the peptidoglycan layer has to be broken, after which the nucleocapsid is free to enter the periplasmic space. Later the site of fusion expands into a bulge (Fig. 5 a, b, c, d ), probably because the peptidoglycan is missing from the phage membrane. The number of bulges, as well as the number of other membrane structures caused by infection, are about the same as the number of pili per cell. This leads us to the assumption that the penetration site of the phage is associated with the pilus. We have previously reported that the nucleocapsid enters the periplasmic space (Bamford et al. t976) , but now we have evidence that the nucleocapsid also penetrates the cytoplasmic membrane (Fig. 4b, 5 c, d ). The nucleocapsids inside the cells have a diam. of 8o nm when frozen and fractured (Fig. 4b, 5 c) . In thin sections these nucleocapsids have a diam. of about 6o nm (Fig. 5b, d ). The enlargement of the nucleocapsids may reflect on the uncoating process of the nucleic acid which is not visible in chemically fixed and dehydrated preparations. The change of cell content at 45 min p.i., seen in frozen preparations, is apparently a consequence of the phage nucleocapsid assembly process. At 85 min p.i., when the cells were full of mature phages, the fracturing very often took place through the cell, because new fracture planes are formed by the phage membranes.
